ABSTRACT: Postpubertal beef heifers (n = 55) were used to examine the effects of high-fat diets, independently of energy intake, on nonesterified fatty acid and lipoprotein metabolic patterns, ovarian follicular dynamics, and embryo recoveryhiability after FSH superstimulation. Highlipid (HL) diets (5.4% added fat) increased (P < .01) serum concentrations of cholesterol, but not of nonesterified fatty acids, during the 35-d period before FSH treatment. Development of mediumsized (5 to 9.9 mm) follicles was enhanced (P < .05) during this period in heifers fed the HL diet. The HL diet increased total cholesterol (P < .05) and progesterone (P = .14) concentrations in follicular fluid obtained at ovariectomy (n = 101 80 h after the onset of FSH treatment, but neither estradiol17p nor androstenedione was affected. Granulosa cells recovered from FSH-induced, estrogen-active follicles in heifers fed the HL diet produced greater quantities of progesterone (P = .08) and less estradiol-17P (P < .05) in vitro than did granulosa cells from heifers fed the normal lipid diet. Dietary treatment did not influence FSH-stimulated recruitment of medium and large follicles, number of ovulations, embryo recovery, or embryo viability. Data suggest that increments in dietary fat intake can alter specific aspects of ovarian steroidogenic potential and can increase the population of medium-sized follicles theoretically available for maturation and harvest during the estrous cycle. However, conditions that limited the latter process in the current experiment are not understood and require further investigation.
Introduction
Variation in embryo recovery and viability at d 7 of gestation continues to be a major limitation to efficient embryo harvest and transfer in cattle. Conditions that influence this variability are not completely understood; however, characteristics of J. Anim. Sci. 1992. 70:3505-3513 the intrafollicular environment to which the preovulatory oocyte is exposed may be one major factor (Espey, 1981) .
Recent work in this laboratory and in others suggests that a cascade of metabolic, morphologic, and hormonal changes can be effected at the ovarian level through increments in dietary fat intake, independently of energy intake Williams, 1989;  Hightshoe et al., 1991; Wehrman et al., 1991) . In light of these observations, we have hypothesized that alterations in dietary lipid intake could potentially increase the number of follicles available to respond to gonadotropin treatment in superovulation regimens. Moreover, because the preovulatory hormonal and metabolic milieu may influence ovulation, embryonic growth, and survival (Miller and Moore, 1976;  Espey, 1981;  Moore, 1985;  Wilmut et al., 19851, it is possible that strategic manipulation of dietary fat intake might positively influence embryo recovery and viability. The objectives of this study were to examine the effects of diet-induced hyperlipidemia on lipoprotein-cholesterol metabolism, ovarian follicular dynamics, and embryo production/viability in heifers superstimulated with FSH.
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Materials and Methods
Experimental Design
Fiftyfive sexually mature beef heifers were allocated at random to either a diet with 5.4% added fat as soybean oil (high lipid; HLI or a diet with no added fat (normal lipid; NLI. Beginning on d 39 of dietary treatment, heifers previously detected in estrus were placed on a superovulation regimen. Five heifers from each treatment group were unilaterally ovariectomized 12 h after the first prostaglandinF2, treatment in the superovulation regimen. Seven days after detection of estrus, embryos were harvested nonsurgically.
Experimental Procedure
Heifers were acclimated to individual feeding for 2 wk before allocation to dietary treatments. Diets were formulated to be isoenergetic, isonitrogenous, and balanced to meet NRC (1984) requirements for heifers weighing 364 kg to gain .23 kg/d (Table 1) . Vitamin A was added to diets to provide 100% of NRC tequirements (NRC, 1984) . Heifers were fed 7 kg of DM daily.
Body weights were recorded immediately before allocation to dietary treatments and once per week (before feeding) during the trial period. Blood samples (15 mL1 were collected by jugular venipuncture on d 1,7, 14, and 35 of the treatment period. After separation from blood cells, serum was frozen (-20°C) until it was assayed for total cholesterol and nonesterified fatty acids (NEFA).
Heifers were monitored twice daily for signs of estrus and tail-chalk (Painst&@, LAC0 Industries, Chicago, IL) was used as an aid in estrous
detection. Any heifer standing to be mounted by herdmates was considered to be in estrus. Beginning on d 30 of dietary treatment, ovarian morphology of heifers detected in estrus was monitored daily for 10 d using ultrasonography with a 7.5-MHz probe (LS-lOOO@, Tokyo-Keiki, Japan). Follicles were classified as small (3 to 4.9 mm), medium (5 to 9.9 mm), or large (2 10 mm). Dominant follicles were identified using criteria previously described (Sirois and Fortune, 1988) . Prostaglandin F2a (PGFZa; 25 mg Lutalyse@, Upjohn, Kalamazoo, MI) was administered on d 37 to all heifers not detected in estrus between d 30 and 36 of dietary treatment. Beginning on d 9 of the estrous cycle (estrus = d 0) subsequent to natural or PGFz,-induced estrus, heifers were treated twice daily with FSH (FSH-P@, Schering, Kenilworth, NJI on a descending dose schedule (5, 4, 3, and 2 mg a t 0800 and 1800 on d 9, 10, 11, and 12, respectively). Prostaglandin Fza (25 mg) was administered at the time of the fifth and sixth FSH injection. Heifers detected in estrus were artificially inseminated at 12 and 24 h after the onset of observed standing estrus.
Ovariectomies and Follicle Measurements
Sixty hours after the onset of gonadotropin treatment, five heifers were randomly selected from each dietary treatment for ovariectomy. The ovary contralateral to the ovary bearing the corpus luteum of each heifer was removed by supravaginal colpotomy Williams and Forrest, 1989) . The ovary ipsilateral to the corpus luteum was left intact because 1) the presence of the corpus luteum on the ovary was previously shown to affect the superstimulatory response after gonadotropin treatment (Ryan, 19901 and 2) these heifers were to be used for embryo collection after estrus and artificial insemination. The ovary was placed in ice-cold tissue culture medium-199 (TCM-199; Sigma Chemical, St. Louis, MO) containing .1 ng/mL of L-glutamine and 25 mM HEPES buffer (Sigma Chemical). Follicles were dissected from the ovary and measured. Follicular fluid was aspirated from dissected follicles 2 7 mm in diameter, which were expected to represent medium and large follicles measured by ultrasonography, where the diameter of the antrum is measured. Diameters of dissected follicles have previously been shown to be consistently 2 to 3 mm larger than measurements observed by ultrasonography (Quirk et al., 1986) . Follicular fluid was frozen (-70' Cl for subsequent analysis of high-density lipoprotein cholesterol (HDL-CHI, estradiol-l7P, progesterone, and androstenedione concentrations. Follicles were classified as estrogen-active or estrogen-inactive based on the concentrations of follicular steroid as outlined by Ireland and Roche (1982) .
Granulosa Cell Culture
Granulosa cells were harvested from the three largest follicles on each ovary after aspiration of follicular fluid. Follicular fluid was replaced with TCM-199 containing 6.8 mM EDTA and follicles were incubated while submerged in TCM-199 in a Petri dish for 15 min at 38.6"C. The atmosphere in the incubator was 95% air and 5% COS. Follicles were then cut open and the remaining granulosa cells were scraped from theca with a beveled glass pipette and washed with TCM-199 (6.8 mM EDTA). The pooled suspension was centrifuged (200 x gl for 10 min (Model J-6M/E, Beckman Instruments, Minneapolis, MN). Supernatant was poured off and cells were resuspended in 2 mL of red blood cell lyase to eliminate any residual red blood cell contamination (Sigma Chemical). After a 1-min incubation period at room temperature, 1 mL of TCM-199 was added to the cell suspension and again centrifuged (200 x g) for 10 min. Supernatant was poured off, cells were resuspended in TCM-199, and centrifugation was repeated. This process was repeated three times to remove all EDTA and red blood cell lyase. After the final wash, cells were resuspended in 3 mL of a base culture medium consisting of TCM-199 containing 10% controlled process serum replacement (CPSR-1; Sigma Chemical), 2% antibiotic-antimycotic (Gibco, Grand Island, NY), luteinizing hormone (USDA-bLH-B-5; 100 ng/mL), recombinant FSH (Granada Genetics, College Station, TX: 1 p.g/mL), and cortisol (Sigma Chemical; 362 ng/mL). Cells were counted using a hemocytometer and viability was determined by trypan blue exclusion (.4%; Sigma Chemical).
Cells from each follicle were placed in multiwell tissue culture plates (150,000 cells per well; Fisher Scientific, St. Louis, M01 and cultured in duplicate with 1) basal culture medium with no added cholesterol (NC), 2) basal culture medium and insulin (1 mg/mL; Sigma Chemical: NCI), 31 basal culture medium and low-density lipoprotein (50 pg/mL cholesterol; J. Pate, Ohio State Univ., Columbus, OH; NCL), 4) basal culture medium, insulin, and low-density lipoprotein (NCIL), 51 basal culture medium and 25-OH-cholesterol (400 ng/mL; Sigma Chemical; C), 6) basal culture medium, 25-OH-cholesterol, and insulin (CI), 7) basal culture medium, 25-OH-cholesterol, and lowdensity lipoprotein (CL), or 8 ) basal culture medium, 25-OH-cholesterol, insulin, and lowden sity lipoprotein (CIL). Cells were cultured at 38.6" C in a humidified incubator containing 95% air and 5% COz for 48 h. Media were collected and frozen (-70' Cl for subsequent analysis of progesterone and estradiol-17P. Analytical-grade water (1 mU was added to the cells and they were frozen (-20" Cl pending protein determination using the Bradford method (Bradford, 1976;  Pierce Chemical, Rockford, IL). Steroid production was expressed per milligram of protein present a t the end of the culture period.
Embryo Collection
Seven days after estrus, embryos were recovered nonsurgically using Dulbecco's phosphate buffered saline (Gibco) supplemented with 2 YO calf serum (Sigma Chemical) as the flushing medium. Medium recovered from each uterine horn was passed through a 70-pm screen filter (Em-Con@, Veterinary Concepts, Spring Valley, WII to harvest embryos. Embryos were assessed for viability using a Zeiss microscope and assigned viability scores ranging from 1 to 4 (Linder and Wright, 19761 . Grade 1 and 2 embryos were classified as freezable, Grades 1 through 3 as transferable, and Grade 4 as degenerate.
Lipid and Hormone Analyses
Total cholesterol concentrations in serum and follicular fluid were determined using enzymatic procedures previously described (Williams, 1989; Wehrman et al., 19911. Because cholesterol in follicular fluid is essentially 100% HDL-CH (Shalgi et al., 1973; Wehrman et al., 19911 , the total cholesterol assay was employed to measure HDL-CH and precipitation steps were not performed. Within (n = 10) and between-(n = 31 assay CV for cholesterol in serum were 7.3 and 3.0%, respectively. Total cholesterol in follicular fluid was determined in a single assay, with an intraassay CV of 3.0% (n = 2). Concentrations of serum NEFA were quantified using a modified enzymatic colorimetric technique CNEFA C, WAKO Chemicals USA, Dallas, TXI described by Sechen et al. (1990) . Intra-(n = 8 ) and interassay (n = 2) CV were 8.9 and 11.7%, respectively.
Concentrations of androstenedione, estradiol17p, and progesterone were assayed directly in diluted or nondiluted follicular fluid using methods previously described (Werhman et al., 1991) . Follicular fluid concentrations of estradiol-17P and progesterone were determined in single assays, with intraassay CV of 4.5 (n = 2) and 10.0% (n = 4, respectively. Within-(n = 21 and between-(n = 31 assay CV for androstenedione were 1.1 and 5.4%, respectively.
Concentrations of progesterone were quantified in diluted granulosa cell medium by direct assay using methods previously described (Wehrman et al., 1991) with modifications. In brief, standards for the direct progesterone assay were modified by replacing steroid-free plasma (200 pL1 with PBS-. 1 % gelatin, because no interference from the basal culture medium was noted. Medium was diluted 1 : l O to 1:lOO and assayed a t 100 to 200 a, depending on expected concentrations. Rabbit anti-progesterone (Lot No. P-6625; Ventrex Laboratories, Portland, ME) was used at 1:15,000 and routinely bound 4 6.3% of added PHlprogesterone; nonspecific binding averaged 1.3%. Dilutions of granulosa cell media yielded inhibition curves parallel to the standard curve (range 0 to 7.5 ng/ mL1. Intra-(n = 2) and interassay (n = 3) CV were 3.8 and 4.8%, respectively.
Concentrations of estradiol-i7P in granulosa cell medium were assayed directly using a modification of methods previously reported for serum malavera et al., 1985) . This procedure has not been reported by our laboratory. Briefly, medium was medium yielded inhibition curves parallel to the standard curve and no interference was detected. Intra-(n = 21 and interassay (n = 3) CV were 1.4 and 7.3%, respectively.
Statistical Analysis
The standard curves for all RIA were fitted using the four-parameter logistic fit procedure (Robard and Weiss, 1973) . The Securia Plus software package (Packard Instrument, Downers Grove, IL) was used to employ this procedure and for data reduction. Lipid metabolite data generated from repeated samples were analyzed by split-plot ANOVA for repeated measures (Gill and Hafs, 1971) . Hormone data (from follicular fluid and in vitro culture experiments) and embryo data were analyzed by one-way ANOVA (Snedecor and Cochran, 1989) . Single-point means were contrasted by least squares means and Student's ttest. The microcomputer version of SAS (1987) was used to perform these procedures. 
Results
Mean live weight gains were similar u? = 33) for heifers fed HL (11.4 f .8 kgl and those fed NL (9.9 f .4 kg) diets. As expected, serum cholesterol concentrations were greater (P e .05) in heifers fed the HL diet, and this was evident by d 7 of dietary treatment (Figure 1 ). Serum NEFA concentrations (NL vs HL) were not affected by diet (.6 f .03 vs .5 f .03 mEq/L).
The number of medium-sized follicles was greater (P < .05) in the HL than in the NL group during the estrous cycle before FSH treatment (Figure 2 25 .2 f 9.31, or large (2.0 f .9 vs 1.4 i .4) follicles dissected from the ovary after ovariectomy at 60 h after the onset of gonadotropin treatment. Of those follicles dissected from the ovaries and aspirated to collect follicular fluid, the majority (120/1231 were estrogen-active, and estrogen-inactive follicles were excluded from any subsequent analysis. Concentrations of HDL/CH milligram per deciliter) were greater (P e ,051 in follicular fluid of heifers fed the HL diet than in follicular fluid of those fed the NL diet (Figure 1) . Concentrations of estradiol-17P and androstenedione in follicular fluid were not affected by diet; however, concentrations of progesterone (nanograms per milliliter) in follicular fluid were greater (P = .14) for heifers fed the HL than for heifers fed the NL diet (Figure 3) .
Granulosa cells from HL-fed heifers produced more (P = .06) progesterone and less (P e .05) estradiol-17P than those cells from NL-fed heifers (Figure 4 ). ers fed the NL diet were approximately 1.5-fold greater than previously reported from this laboratory (Wehrman et al., 1991) . Currently, we have no plausible explanation for this observation, because factors that typically regulate lipoprotein metabolism (lactation status, body condition, dietary fat level) were similar between the current and previous experiments. Dietary treatment (HL or NL) had no effect on serum NEFA concentrations. This contradicts earlier reports in dairy heifers (Park et al., 19831, in which increasing consumption of dietary fat, from whole sunflower seeds, increased serum NEFA marginally, but consistently. Recent work in this laboratory in postpartum, lactating beef cows suggests that lipid supplementation may have a beneficial effect on the economy of fatty acid metabolism. We have noted that high-fat diets increased serum insulin concentrations and reduced NEFA elevated due to chronic energy restriction. Cows receiving a HL diet during the puerperium exhibited a two-to threefold lower concentration of serum NEFA than did cows receiving a NL diet (Spoon et al., 19901. Hence, under certain conditions, increments in dietary fat intake may have a sparing effect on mobilization of depot fat, with a net reduction in overall blood levels of NEFA.
The number of medium-sized follicles was increased by the HL diet during the estrous cycle of heifers before FSH treatment. This change was __. . . Three HL and two NL heifers were diagnosed with cystic follicles and were not used for superovulation. All 50 heifers treated with gonadotropins and PGFza returned to estrus and formed 2 six corpora lutea each by the time of embryo collection. Embryo collection was not performed in six heifers (HL = 3; NL = 3) because the cervix could not be dilated to flush the reproductive tract. There was no evidence of an effect of diet (HL vs NL) on the numbers of ova recovered, transferable embryos, freezable embryos, degenerate embryos, or unfertilized ova ( Figure 5 ). The presence (DF) or absence of a dominant follicle (NDF) at the onset of gonadotropin treatment did not affect any of the traits related to ova/embryos recovered (DF vs NDF: ova recovered, 8.4 f 1.5 vs 9.5 f 1.7; transferable embryos, 4.8 f 1.0 vs 4.9 f: 1.2; freezable embryos, 4.2 f 1.0 vs 4.2 f 1.1; degenerate embryos, 2.4 f .5 vs 2.4 f 3; unfertilized ova, 1.2 f .0 vs 2.1 f .?I.
Discussion
Elevating dietary fat intake in sexually mature, nonlactating heifers resulted in expected increases in both serum and follicular fluid concentrations of cholesterol (Park et al., 1983; Talavera et al., 1985; Wehrman et al., 19911. However, in the present study basal concentrations of cholesterol in heif- Figure 5 . Mean number (+ SEM) of ova, transferable embryos (G1 through G3), freezable embryos (G1 and G2), degenerate embryos (G4), and unfertilized ova [UFO) in heifers fed either a normal (n = 22) or high-(n = 22) lipid diet.
expected (Lucy et al., 1991; Wehrman et al., 19911, and we hypothesized that this would result in an increase in the number of follicles responding to gonadotropin treatment. However, there was no evidence that either the number of follicles responding and(or1 ova recovered following gonadotropin treatment was affected. Although the number of medium-sized follicles was increased due to the HL diet, the presence of a dominant follicle at approximately d 6 of the estrous cycle may have suppressed the growth of medium-sized follicles into large follicles. The presence of an estrogen-active follicle has been shown to prevent the development of subordinate follicles (Ireland and Roche, 19871 , and failure to detect a difference in the number of medium-sized follicles between d 7 and 9 of the estrous cycle in the current study may be due to this phenomenon.
Hence, the presence of a dominant follicle may have overridden any potential benefit of the HL diet to increase the number of follicles available to respond to gonadotropins. The presence of a dominant follicle has also been shown to decrease the superovulatory response after gonadotropin treatment (Guilbault et al., 1991) . In the current study and in others (Wilson et al., 19901 , such an effect was not noted. The potential of incremental changes in dietary fat intake to increase the superovulatory response and the numbers of viable ova/embryos recovered might be better tested by administering the gonadotropin treatments before the emergence of the first dominant follicle in the estrous cycle (Lindell et al., 19861. Alternatively, oocytes could be collected by transvaginal follicular puncture, fertilization of oocytes in vitro, and maturation of embryos in vivo Pieterse et al., 1991 ).
An elevation in HDL-CH concentrations in the follicular fluid was associated with a tendency for increased progesterone concentrations as well.
Oocyte development and ovulation may be affected by steroid precursors in the follicular compartment (Epsey, 19811. There was no evidence that elevation of progesterone in follicles recovered from HL heifers affected subsequent embryo recovery or viability. Enhanced progesterone concentrations in follicular fluid of heifers fed the HL diet may also be explained by elevated growth hormone and insulin concentrations resulting from diet-induced hyperlipidemia (Spoon et al., 1990 ; our unpublished observations). For bovine granulosa cells cultured in vitro, addition of insulin or growth hormone plus insulin increased progesterone production (Langhout et al., 1991) .
An alteration in the steroidogenic potential of granulosa cells in vitro was noted in this study, similar to our previous report Wehrman et al., 1991) . Progesterone production by granulosa cells was markedly enhanced in heifers fed the HL diet. Conversely, granulosa cells from HL heifers in the current study exhibited a reduced capacity to produce estradiol-17P. The basis for this relationship is unclear, but it may be explained by the directional pathway of steroidogenesis. In all previous studies reported to date, high-fat diets have consistently increased luteal and(or1 granulosa cell progesterone production, both in vivo and in vitro (Talavera et al. 1985; Williams, 1989; Hightshoe, 1991; Wehrman et al., 1991). Either no change or a decrease in estradiol concentrations were noted in the same studies. Granulosa cells from heifers fed high-fat diets have demonstrated increased capacity to secrete both pregnenolone and progesterone in vitro (Wehrman et al., 1991) . Furthermore, granulosa cells are potential luteal cells, and their metabolic potential in culture may be more similar to that of transforming luteal cells (Hay and Moor, 1975) . In this scenario, it is plausible that HL diets could increase the capacity of granulosa cells to produce progesterone and reduce their capacity to produce estradiol-17P.
Neither cholesterol, insulin, nor low-density lipoprotein enhanced steroidogenesis of granulosa cells in vitro. Low-density lipoprotein has been previously shown to increase production of progesterone by granulosa cells (Savion et al., 1982) and their transformed counterparts, luteal cells (Pate and Condon, 1982) . However, Savion et al. (1982) used granulosa cells that had been passaged in culture for 2 to 5 wk and examined the response to low-density lipoprotein-carried cholesterol immediately after serum withdrawal. Rajkumar et al. (1989) reported that the capacity of granulosa cells to use low-density lipoproteincarried cholesterol changed with time after serum withdrawal. They reported no stimulatory effect of lowdensity lipoprotein on production of progesterone from porcine granulosa cells but noted a dosedependent increase when granulosa cells were exposed to insulin for 72 h. During the culture period of the current experiment, granulosa cells may not have exhausted their internal stores of steroid precursors. However, longer periods of culture pose the problem that cells may be transformed and are no longer granulosa cells per se. Granulosa cells from heifers fed a control diet produced more estradiol-17P than comparable cells from heifers fed the high-fat diet. A plausible explanation for this phenomenon may be that enhanced progesterone secretion by granulosa cells from heifers fed the high-fat diet reduced FSH-modulated estrogen secretion. Treatment of rat granulosa cells with progesterone has previously been shown to reduce FSH-enhanced estrogen secretion (Schrieber et al., 1980) . In a further RYAN experiment it was shown that a synthetic progestin inhibited FSH-induced aromatase activity at a site distal to cyclic adenosine monophosphate (Schrieber et al., 1081) .
Because the HL diet did not affect the number of medium or large follicles after FSH treatment, ova recovered, or the viability of embryos, it seems that the ability to capitalize on the enhanced recruitment of follicles into the medium-sized pool may be dependent on the condition and(or1 the timing of gonadotropin treatment.
Fertilization rates were similar for both dietary treatments in the current study. Kweon et al. (1087) reported that the number of embryos recovered from superovulated cows increased as total serum cholesterol concentration increased to > 130 mg/ dL. Maternal fatty acid deficiency resulted in reduced total cholesterol, phospholipid, and glycolipids in fetal rats by d 20 of gestation. Only total cholesterol was reduced at d 15 of gestation (Omodeo Sale et al., 1989) . These changes in fetal hepatic lipids may have an effect on embryo viability. Cleavage of bovine embryos in vitro and in vivo is similar up to the 8-cell stage (= d 4 after estrus), and beyond this stage embryos are very sensitive to environmental conditions (Barnes and Eyestone, 1990) . This may reflect the transition from maternal to zygotic control of development proposed to occur at the 8-to 16-cell stage (Barnes and Eyestone, 1990 ). In our study, embryos recovered as morulas may not have developed to a stage at which changes in fetal lipids under zygotic control were manifested by reduced viability. Feeding sows a diet with added fat had no effect on fetal organ weight, organ total lipid, or percentage composition of various lipids classes at various stages of gestation (Farnworth and Kramer, 1980) . Only a limited number of studies have examined the effects of feeding a high-fat diet to cows on pregnancy rates. Increased pregnancy rates after feeding a high-fat diet were noted in some studies (Schneider et al., 1988; Ferguson et al,, 19901 , but this was not observed in other studies (Ruegsegger and Schultz, 1085; Carroll et al., 19001. ET AL.
Implications
Although feeding a high-fat diet to estrous cycling beef heifers enhances follicular development and steroidogenic potential of granulosa cells, it may not result in enhanced embryo recovery and(or1 viability. Nevertheless, increases in serum and follicular fluid cholesterol, an effect created by feeding high-fat diets, do not seem to have detrimental effects on embryo viability. Although we do not know which of the metabolic or hormonal changes brought about by dietary fat feeding is directly responsible, it is clear that follicular recruitment and certain aspects of ovarian cellular steroidogenic potential are enhanced.
This may allow development of strategies to increase oocyte and(or1 embryo recovery and viability.
